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Edited by Peter BrzezinskiAbstract Previously a mutant of clostridial glutamate dehydro-
genase with the catalytic Asp-165 replaced by Asn was shown to
regain activity through spontaneous, speciﬁc deamidation of this
residue. A double mutant D165N/K125A has now been con-
structed, in which the catalytic Lys is also replaced. This was
successfully over-expressed and according to several criteria ap-
pears to be correctly folded. The double mutant was incubated
for 35 days under conditions where D165N reactivates. LC–
MS analysis of tryptic digests of timed samples showed no signif-
icant deamidation. This conﬁrms that the reactivation of D165N
is a consequence of the catalytic chemistry of the enzyme’s active
site.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Most amino acid dehydrogenases share a common active site
architecture and catalytic machinery, apart from the features
directly responsible for amino-acid sidechain speciﬁcity [1,2].
The key features ﬁrst clearly emerged through solution of the
high-resolution structure of glutamate dehydrogenase from
Clostridium symbiosum [3,4]: the central residues in catalysis
were identiﬁed as an aspartic residue (D165) and a lysine res-
idue (K125) with a tightly bound water molecule. Lysine in this
position had been repeatedly been picked out as an essential
residue in chemical modiﬁcation studies of various GDHs
[5–8] and by site-directed mutagenesis [9]. The possible
involvement of a carboxylate residue had also been postulated
in a general sense on the basis of studies of the pH dependence
of inhibition [10] of bovine GDH.
When involvement of D165 was tested directly by site-direc-
ted mutagenesis, replacement of Asp with Ser decreased the
rate of oxidative deamination by a factor of 105 [11]. Similar
replacement by Asn gave a more surprising result: the puriﬁed
mutant enzyme appeared to retain about 2% of the wild-type
activity [12]. Further studies revealed, however, that if pre-Abbreviations: GDH, L-glutamate dehydrogenase; DTNB, 5,50-dithio-
bis(2-nitrobenzoic acid); IPTG, isopropyl-b-D-thiogalactoside
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tant, like D165S, was virtually inactive. Incubation at 37 C
led to progressive reactivation, eventually 90% complete, and
peptide mapping with mass spectrometry showed clearly that
the recovery paralleled a gradual deamidation of N165 [13],
regenerating the wild-type Asp residue. The fact that this
deamidation was position-speciﬁc, taken with the absence of
deamidation when the protein was denatured, clearly implied
that it depended on the speciﬁc environment of the active site.
Protein deamidation typically involves cyclisation with the
backbone to form a succinimide intermediate [14], and when
this breaks down there is a better than 50% chance of cleavage
to yield isoaspartate rather than aspartate, which is thus usually
the minority product. Our results [13], however, showed no sign
of isoaspartate, and the high recovery of activity implies that
reversion to Asp is the major, if not sole, outcome. It seemed
possible that deamidation depends on the residual catalytic
machinery of the disarmed active site andmay proceed via direct
hydrolysis of the amide in a manner analogous to the hydrolysis
of the imine intermediate during normal catalysis by the intact
enzyme. If so, the prime candidate for bringing about the deam-
idation is the catalytic lysine, K125. In the present study, there-
fore, K125 was replaced with alanine and the eﬀect of this
mutation was studied in the double mutant D165N/K125A.2. Materials and methods
2.1. Materials
L-glutamate (monosodium salt), 5,5 0-dithio-bis(2-nitrobenzoic acid)
(DTNB) and Sepharose CL-6B were purchased from Sigma. Grade-
II NAD+ (free acid) was obtained from Roche. All other chemicals
were of analytical grade.
2.2. Creation of the mutant D165N/K125A gdh
The plasmid ptac-D165N/K125A GDH, containing the double
mutation D165N and K125A in the clostridial gdh gene, was produced
by site-directed mutagenesis using the QuickChange Site-Directed
Mutagenesis Kit from Stratagene. The plasmid ptac-D165N was a suit-
able template for the circular mutagenesis reaction and the mutagenic
oligonucleotide 5 0-CTATGGGTGGTGCCGCAGGTGGTTCC-
GAC-3 0 containing the underlined Ala codon (GCA) was used to eﬀect
replacement of the AAA codon encoding Lys-125 in the gdh gene,
introducing the second mutation.
2.3. Expression of recombinant D165N/K125A GDH and puriﬁcation
procedure
The plasmid ptac-D165N/K125A was freshly transformed into Esch-
erichia coli TG1 competent cells. Cells were then grown at 37 C to an
A600 of 0.8–0.9 in Luria–Bertani medium containing 100 lg ml
1blished by Elsevier B.V. All rights reserved.
Fig. 1. LC–MS peptide mapping of GDHmutants. As described in the
text, GDH K125A/D165N samples were incubated at 38 C for
varying times and then dried and subjected to tryptic hydrolysis.
Peptides were separated by LC and identiﬁed by mass spectrometry.
T15 is the tryptic peptide containing D165 in wild-type GDH and
D165N-T15 is the corresponding asparagine-containing peptide,
diﬀering by one mass unit, from either D165N or K125A/D165N.
The ﬁgure shows extracted-ion plots for m/z range 879.0–881.0, which
covers MH2þ2 for peptides D165-T15 ðMH2þ2 theor: ¼ 879.5Þ and T15ðMH2þ2 theor: ¼ 880.0Þ. (A–D) are results for samples of GDH K125A/
D165N incubated at 38 C for 0, 10, 20 and 35 days, respectively. (E) is
a reference sample for D165N GDH incubated at 38 C for 11 days,
showing that when deamidation occurs the peaks for T15 and D165N-
T15 can be clearly distinguished.
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toside (IPTG) at a ﬁnal concentration of 1 mM. In an initial screening
of the over-expression levels, cultures were either left at 37 C or cooled
down to 25 or 8 C before adding the IPTG. Cultures were then shaken
for a further 16 h before harvesting cells by centrifugation and breaking
them by sonication. SDS–PAGE analysis of the cell extracts and pellets
showed a large amount of soluble (mutant) GDH protein (>50% total
protein) at the higher temperatures but very poor over-expression at
8 C. Thereafter 25 C was chosen as the temperature for expression.
The extract from a 500 ml growth, puriﬁed according to the usual pro-
cedure on a Sepharose CL-6B/Remazol Red column [15], yielded
31.7 mg of mutant GDH protein. The purity was checked by SDS/
PAGE (12% gel stained with Coomassie Blue) and by LC–MS analysis
of tryptic digests of the puriﬁed proteins as previously reported [13].
Trace levels of three E. coli proteins were detected by the latter method
although the gel showed a single clean band. The protein concentration
was determined by UV absorption using the extinction coeﬃcient deter-
mined for the wild type GDH e280 nm = 1.05 cm
2 mg1 [15].
2.4. Incubation conditions
Freshly puriﬁed D165N/K125A GDH solution (0.5 mg/ml), eluted
from the dye column in 0.1 M potassium phosphate buﬀer, pH 7.0,
containing 1 M NaCl, was ﬁltered through a sterile 0.45 lm Acro-
disc ﬁlter, aliquoted into four 300 ll samples and incubated at
38 C in capped vials. Individual samples were removed at 0, 10,
20 and 35 days, desalted on Macro Spin Columnse (Harvard Biosci-
ence), eluting with 0.5 ml 0.1% TFA:CH3CN 1:2, and ﬁnally dried
under vacuum.
2.5. Protein mass spectrometry
Time point samples of D165N/K125A were desalted, dried and
stored in the dried form until being analysed by digestion with trypsin
and peptide mapping by LC–MS as described earlier [13], except that
tryptic digestion was allowed to proceed for only 9 h. This method has
been shown [13] to allow clear resolution, both by HPLC retention
time and by mass properties, of the tryptic peptide containing the mu-
tant Asn-165 (denoted D165N-T15) and the native (or deamidation-
derived) corresponding peptide containing Asp-165 (denoted T15).
2.6. Protein thiol modiﬁcation by DTNB
A stock solution of DTNB (2 mM) was prepared in 0.1 M phosphate
buﬀer, pH 7.0, and incubated at 25 C. A suitable amount of D165N/
K125A GDH (ﬁnal concentration 0.1 mg/ml) was diluted with phos-
phate buﬀer up to 500 ll. The reaction was started by addition of
500 ll of DTNB stock solution (ﬁnal concentration 1 mM) and the for-
mation of TNB was monitored spectrophotometrically at 412 nm for
30 min. The extent of reaction with DTNB was assessed by the ﬁnal
absorbance of the reaction mixture, using the extinction coeﬃcient
of TNB (e412 nm = 13.6 mM
1 cm1) [16].
2.7. NAD+ protection
20 ll of a stock solution of NAD+ (100 mM) freshly prepared in
H2O was added to a suitable amount of D165N/K125A GDH (ﬁnal
concentration 0.1 mg/ml) in phosphate buﬀer 0.1 M, pH 7.0, up to
500 ll. The reaction was started by adding 500 ll DTNB stock
solution as described above (ﬁnal concentration 1 mM) and formation
of TNB was again monitored for 30 min.3. Results
3.1. Catalytic assay
An initial fractionof the puriﬁedmutant proteinwas tested for
catalytic activity at the ﬂuorimeter (Hitachi F-2500) under stan-
dard conditions [15]. The protein was completely inactive, as ex-
pected in view of the removal of both putative catalytic residues.
3.2. Mass spectrometry results
There was no evidence of deamidation at mutant Asn-165 in
any of the four time point samples of D165N/K125A (Fig. 1A–D). Analysis of a tryptic digest of partly deamidated D165N
enzyme retained (as frozen digest) from the previous study
[13] clearly showed that the method could distinguish the mu-
tant D165N-T15 peptide and the product of deamidation at
Asn-165 (Fig. 1E).
3.3. Protein folded state
To verify that the protein is correctly folded and exclude
the possibility that the absence of deamidation could be due
to denaturation [13], two more experiments were carried
out, targeting the Cys320 in the active site with DTNB
and testing for protection by NAD+ [17,18]. In the ﬁrst
experiment, 0.1 mg of D165N/K125A was incubated with
an excess of DTNB (1 mM) in phosphate buﬀer 0.1 M,
pH 7.0, at 25 C for 30 min to allow the reaction to go to
completion. The ratio TNB/Cys320 was calculated as
1.06. In the second experiment NAD+ (2 mM) was added
to an identical reaction mixture and the reaction was
2832 F. Paradisi et al. / FEBS Letters 579 (2005) 2830–2832monitored again for 30 min. The reaction was slower in the
second experiment: after 5 min the reaction had reached
completion in the absence of NAD+, while after the same
interval, only 60% of the cysteine residues had reacted with
DTNB in the presence of NAD+, thus showing a clear pro-
tective eﬀect.4. Discussion
The results so far clearly indicate that in the double mu-
tant there is no sign of the selective deamidation of Asn-
165 and this suggests that Lys 125 is indeed responsible
for catalysing this process in the single mutant D165N. As
explained in Section 2.3 the low-temperature (8 C) expres-
sion employed for the D165N mutant gave very poor expres-
sion of the double mutant, and in the event of signiﬁcant
deamidation this would have prevented meaningful compar-
ison, since deamidation of D165N was greatly accelerated by
increased temperature [13]. Since no deamidation was de-
tected, this is not an issue. However, conﬁdent interpretation
is still inhibited by the fact that in the double mutant there
is no GDH activity before or after incubation to provide an
assurance of a well-folded enzyme. It could be argued that
the combined eﬀect of two close active-site mutations dis-
rupts the structure, so that the failure to deamidate is a
non-speciﬁc eﬀect not necessarily indicative of a direct role
for K125. The fact that the double mutant gives a high yield
of soluble protein, behaves identically to wild-type enzyme in
the highly speciﬁc dye-ligand chromatography step, and ap-
pears unchanged in native gel electrophoresis suggests that
the protein is correctly folded. A further, more speciﬁc and
searching test was carried out, however. The wild-type and
mutant proteins contain only two Cys residues, but one of
these is buried and inaccessible to such reagents as DTNB
[17]. The other, C320, is readily and stoichiometrically mod-
iﬁed by DTNB and since it lies on the binding surface of the
coenzyme binding domain, the modiﬁcation can be pre-
vented or slowed down by addition of coenzyme [17,18].
The results show that the coenzyme binding site is intact
since the DTNB reaction is opposed by addition of coen-
zyme. Furthermore, the result obtained for the ratio
TNB/Cys320 clearly indicates that each subunit of the dou-
ble mutant still reacts with one and only one DTNB mole-
cule per subunit.
The present results thus appear to prove beyond doubt that
the recovery of activity in the D165N mutant of clostridial
GDH is mediated by the residues normal partner in catalysis,
K125. Without such catalytic assistance the deamidation at
position 165 does not occur spontaneously. The absence of iso-
aspartate at this position as a deamidation product in the case
of D165N [13] strongly suggests direct hydrolysis of the amide
group catalysed directly by the enzyme active site, rather than
spontaneous formation of the succinimide ring intermediate
more typically involved in protein deamidation reactions. In
the proposed reaction mechanism for glutamate oxidation
catalysed by GDH [4], an activated water molecule bound to
K125 is invoked. Whether this water molecule is similarly in-
volved in the deamidation of N165 or whether the e-amino
group of K125 acts directly as the base in this process is not
yet clear.Acknowledgements: This work was supported in part by an Advanced
Technology Research Programme grant from Enterprise Ireland.References
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